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A  monolayer  of  thermoresponsive  microgel  nanoparticles,  containing  poly(A-isopropylacrylamide) 

(PNIPAM),  has  been  anchored  to  the  surface  of  silicon  wafers,  glass  slides,  polyvinylidene  fluoride 
(PVDF)  fibers,  and  tungsten  wires  using  a  “grafting  to”  approach.  The  behavior  of  the  synthesized 
grafted  layers  is  compared  with  the  behavior  of  the  PNIPAM  brushes  (densely  end-grafted  layers).  The 
comparison  demonstrates  that  in  many  aspects  the  microgel  grafted  layer  is  comparable  to  PNIPAM 
brushes  with  respect  to  its  thermoresponsive  properties.  Indeed,  the  grafted  monolayer  swells  and 
collapses  reversibly  at  temperatures  below  and  above  the  lower  critical  solution  temperature  (LCST)  of 
PNIPAM.  For  the  flat  silicon  substrate,  a  wettability  study  of  the  grafted  layer  shows  an  approximately 
20°  increase  in  the  advancing  contact  angle  of  water  upon  heating  above  the  LCST  of  PNIPAM. 

Wettability  data  obtained  for  the  tungsten  wires  indicate  that  the  grafted  microgel  layer  retains  its 
ability  to  undergo  morphological  changes  when  exposed  to  external  temperature  variations  on  complex 
curved  surfaces.  Therefore,  the  microgel-grafted  layer  can  be  considered  as  a  system  capable  of 
competing  with  the  PNIPAM  brushes. 


Introduction 

Recent  studies  in  the  area  of  responsive  surfaces/interfaces  show 
their  importance  for  prospective  applications  in  micro-  and 
nanofluidics,  biocompatible  materials,  controlled  drug  release, 
nano-  and  biotribology,  controlled  cell  growth  and  proliferation, 
and  bio-  and  chemosensing.1,2  A  straightforward  method  to 
engineer  the  surfaces/interfaces  of  a  substrate  is  via  polymer 
grafting.  In  this  method  responsive  macromolecules  are  cova¬ 
lently  attached  to  a  substrate  boundary.  Temperature,3-5  light,6-9 
ultrasound,10  electromagnetic  fields,11-13  and  changes  in  the  pH 
and  ionic  strength14-18  of  the  environment  can  be  used  within 
these  responsive  systems  as  the  physical  and/or  chemical  stimuli 
for  initiating  controlled  transformations  of  polymer  chains.  In 
this  range,  temperature-responsive  polymers  have  attracted 
significant  interest  due  to  the  relatively  straightforward  and 
precise  methods  available  for  temperature  control.  Additionally, 
many  biological  processes  and  their  metabolic  pathways  are 
easily  distinguished  as  a  result  of  the  accompanying  variation  in 
the  temperature.  Among  the  thermally  responsive  macromole¬ 
cules,  a  great  deal  of  attention  has  been  paid  to  poly(iV-iso- 
propylacrylamide)  (PNIPAM).19-31  PNIPAM  exhibits 
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a  temperature-sensitive  phase  transition  in  water,  known  as 
a  lower  critical  solution  temperature  (LCST),  at  temperatures 
within  the  tolerances  of  human  metabolism  (~32  °C).32  This  is 
due  primarily  to  the  coil-to-globule  transition  at  the  critical 
temperature.33  At  temperatures  below  the  LCST,  PNIPAM 
macromolecules  arrange  into  a  swollen  and  hydrated  confor¬ 
mation.  Conversely,  at  temperatures  above  the  LCST,  PNIPAM 
chains  collapse  and  arrange  into  a  non-hydrated,  collapsed 
conformation.  Consequently,  PNIPAM  has  been  utilized  in 
various  forms,  such  as  thermoresponsive  hydrogels,  particles, 
brushes,  spheres  and  micelles. 1,2,34-38 

In  general,  covalent  grafting  of  polymers,  including  PNIPAM, 
to  a  surface  can  be  accomplished  by  “grafting  from”  or  “grafting 
to”  methods.1,39-42  The  “grafting  from”  technique  involves 
polymerization  that  is  initiated  at  the  substrate  surface  by 
attached  (usually  covalently  bonded)  initiating  groups.  In 
contrast,  the  "grafting  to”  technique  involves  reaction  of  (end-) 
functionalized  polymer  molecules  with  complementary  func¬ 
tional  groups  located  on  the  surface,  resulting  in  the  formation  of 
tethered  chains.  The  major  advantage  of  the  “grafting  to” 
method  over  other  polymer  attachment  techniques  is  that  well- 
defined  polymers  can  be  used  for  the  grafting,  resulting  in  the 
synthesis  of  well-defined  grafted  layers.  Additionally,  the  graft¬ 
ing  method  is  less-challenging  from  a  chemical  point  of  view, 
since  it  does  not  involve  elaborate  synthetic  procedures. 
However,  the  low  thickness  (1-30  nm)  of  the  layers  obtained  is 
a  major  shortcoming  of  this  technique.  In  essence,  “grafting  to” 
is  a  self-limiting  process  because  the  polymer  chains  that  are  to  be 
grafted  must  first  diffuse  through  the  existing  polymer  film  to 
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reach  the  reactive  sites  on  the  surface.  This  “excluded  volume” 
barrier  becomes  more  pronounced  as  the  thickness  of  the  teth¬ 
ered  polymer  layer  increases.43  To  this  end,  the  present  manu¬ 
script  reports  a  modification  to  the  “grafting  to”  method  that 
now  allows  the  formation  of  much  thicker,  thermoresponsive 
PNIP AM-grafted  layers.  In  essence,  the  proposed  approach 
includes  grafting  of  PNIPAM  microgel  nanoparticles  containing 
reactive  carboxyl  (acrylic  acid)  groups  to  a  surface.  The 
straightforward  nature  and  the  facility  of  the  “grafting  to” 
approach  is  preserved  in  this  case  and  the  thickness  of  the  grafted 
layer  can  be  tuned  by  changing  the  size  of  the  nanoparticles  that 
are  to  be  grafted.  We  compared  the  behavior  of  the  synthesized 
grafted  layers  with  the  (reported  in  literature44-47)  behavior  of 
PNIPAM  brushes  (densely  end-grafted  layers).  This  comparison 
demonstrates  that  the  microgel-grafted  layer  is  comparable  to 
PNIPAM  brushes  with  respect  to  its  thermoresponsive  proper¬ 
ties.  Therefore,  the  microgel-grafted  layer  can  be  considered  as 
a  system  capable  of  competing  with  the  PNIPAM  brushes. 

Microgels  are  typically  nano-  or  microparticles  made  of 
a  cross-linked,  hydrogel-forming  polymer.35,36  The  microgel 
particles  represent  an  intermediate  between  grafted  polymer 
layers  and  macroscopic  gels,  thus  combining  some  of  the 
advantages  of  both.  These  advantages  include:  rapid  phase 
transition,  robustness,  and  having  an  easily  tunable  composi¬ 
tion.48  Microgel  submicron  particles,  made  of  temperature- 
responsive  polymers,  have  been  widely  researched  for  carrying 
out  separations,  as  substrates  for  bioreactors,  for  enzyme  and  cell 
immobilization,  as  biosensors,  and  for  in  vivo  drug 
delivery.33,34,36,49-53  PNIPAM-containing  microgels  have  been 
synthesized  and  functionalized  using  various  techniques,  such  as 
emulsion  non-surfactant  or  surfactant  stabilized  precipitation 
radical  polymerization.33,34,36,54,55  Complex  microgel  structures 
have  also  been  fabricated.  For  example,  PNIPAM  hydrogels 
containing  ferromagnetic  nanoparticles  have  been  synthesized.56 
Additionally,  Huang  et  al.  synthesized  thermoresponsive  and 
biodegradable  microgels  by  copolymerizing  NIPAM  with 
dextran-lactate-2-hydroxyethyl  methacrylate  using  an  emulsion 
polymerization  technique.32 

In  spite  of  the  many  potential  applications  for  thin  films  made 
from  microgels,  most  published  work  is  devoted  to  the  multi¬ 
layered  assemblies  obtained  by  layer-by-layer  techniques.36  Only 
a  few  articles  describe  fabrication  and  investigation  of  microgel 
monolayers  on  a  surface.48,57,58  These  studies  describe  the 
adsorbed  layers  and  not  the  chemically  anchored  layers  of 
microgel  nanoparticles.  The  primary  focus  of  the  work  reported 
in  this  paper  is  the  synthesis  and  characterization  of  covalently 
grafted  PNIPAM-containing  microgel  monolayers.  To  the  best 
of  our  knowledge,  fabrication  of  this  type  of  grafted  layer  has  not 
yet  been  reported  in  the  scientific  literature. 

The  synthesis  of  the  microgels  was  conducted  via  a  surfactant- 
stabilized  free-radical-precipitation  polymerization  in  an 
aqueous  environment  in  the  presence  of  acrylic  acid  as  a  co¬ 
monomer  and  AfW'-methylenebisacrylamide  (BIS)  as  a  cross¬ 
linker.  The  available  carboxyl  groups  were  then  utilized  to  attach 
the  microgels  to  the  surface  of  various  substrates,  including 
silicon  wafers,  glass  slides,  tungsten  wires,  and  poly(vinylidene 
fluoride)  (PVDF)  fibers.  Surfaces  were  formerly  activated  by 
depositing  a  thin  layer  of  poly(glycidyl  methacrylate)  (PGMA)  as 
an  anchoring  layer.59-61  This  type  of  surface  activation  brings 


a  significant  number  of  epoxy  groups  to  the  substrate  surface. 
Therefore,  the  microgel  grafting  was  made  possible  through  the 
reaction  between  epoxy  groups  from  the  PGMA  anchoring  layer 
and  the  carboxyl  groups  from  acrylic  acid.59  The  swelling  and 
collapsing  of  the  grafted  microgel  monolayers  were  investigated 
using  atomic  force  microscopy  (AFM)  while  scanning  samples 
underwater  at  temperatures  above  and  below  the  LCST.  Scan¬ 
ning  electron  microscopy  (SEM),  AFM,  contact  angle 
measurements,  elemental  analysis,  and  proton  NMR  analyses 
were  conducted  to  elucidate  the  structure,  morphology,  and 
surface  characteristics  of  the  synthesized  microgels  and  the 
grafted  layers. 

Experimental 

Materials 

All  reagents  were  used  without  further  purification.  2,2'-Azobis 
(2-methylpropionamidine)  dihydrochloride  97%  (AAPH)  and  N, 
IV'-methylenebisacrylamide  98%  (BIS)  were  purchased  from 
Aldrich.  iV-Isopropylacrylamide  99%  (NIPAM)  was  purchased 
from  TCI.  A,A-Dimethylacetamide  (DMA)  99%  was  purchased 
from  Spectrum.  Dodecyltrimethylammonium  chloride  (DTAC) 
99.0%  was  purchased  from  Fluka  and  acrylic  acid  (AAc)  99.5% 
was  purchased  from  Alfa  Aesar.  PGMA  was  synthesized  radi¬ 
cally  according  to  published  procedures.61  In  brief,  glycidyl 
methacrylate  (Sigma-Aldrich)  was  polymerized  radically  to  give 
PGMA,  Mn  =  135  000  g  mol-1,  PDI  =  2.97.  The  polymerization 
was  carried  out  in  methyl  ethyl  ketone  (MEK,  VWR)  at  60  °C. 
Azobisisobutyronitrile,  AIBN  (Sigma-Aldrich),  was  used  as  an 
initiator.  The  resulting  polymer  was  purified  by  multiple 
precipitations  from  MEK  solution  in  diethyl  ether.  PGMA  was 
labeled  with  Rhodamine-B  via  a  reaction  between  the  epoxy 
groups  of  the  polymer  and  the  carboxyl  groups  of  the  dye,  as 
described  elsewhere.62  Tungsten  wires  were  purchased  from 
Small  Parts. 

PVDF  fibers  were  fabricated  by  electrospinning  using  PVDF 
( Mn  =  350^-50  000  g  mol-1,  purchased  from  Goodfellow)  and 
poly( ethylene  oxide)  (PEO,  Mn  =  1  000  000  g  mol-1  from  Sigma- 
Aldrich).  For  this  purpose,  2-3  mL  of  the  polymer  solution  (0.2  g 
of  PEO  and  2  g  of  PVDF  in  10  g  of  DMA  (Spectrum))  were 
loaded  into  a  10  mL  plastic  syringe.  The  syringe  was  covered  with 
a  flexible  heater  (Watlow)  (to  maintain  a  constant  temperature  of 
55  °C)  and  was  attached  to  a  syringe-type  infusion  pump.  The 
syringe  needle  and  the  spinneret  needle  were  connected  using 
a  Teflon  tube.  A  stainless-steel  spinneret  needle  was  connected  to 
a  high-voltage  device  and  the  system  was  grounded  to  a  collector. 
Nanofibers  were  collected  with  a  copper  fork  and  woven 
into  yams. 

Instrumentation 

A  Veeco  Dimensions  3100  Atomic  Force  Microscope  (AFM), 
equipped  with  a  Nanoscope  3A  controller,  was  used  to  image  the 
morphology  of  the  grafted  monolayers  of  the  PNIPAM  micro¬ 
gels  in  tapping  mode.  A  silicon  cantilever,  with  a  force  constant 
of  40  N  m-1,  was  used  for  the  samples  scanned  in  ambient  air. 
Swelling  and  collapsing  studies  were  conducted  (in  contact  mode 
under  water)  using  a  Veeco  Multimode  AFM  (with  a  Nanoscope 
3A  controller  and  a  liquid  cell)  and  silicon  nitride  cantilevers  with 


Soft  Matter 


This  journal  is  ©  The  Royal  Society  of  Chemistry  201 1 


Downloaded  by  Clemson  University  on  30  August  201 1 
Published  on  30  August  201 1  on  http://pubs.rsc.org  I  doi:  10.1 039/C  1SM05924F 


View  Online 


a  force  constant  of  0.24  N  m-1.  Monomer  concentrations  were 
monitored  throughout  the  synthesis  using  a  Bruker  300  MHz 
NMR.  Elemental  analyses  of  the  synthesized  nanogels  were 
conducted  using  a  Perkin-Elmer  Series  11-2400  CHNS/O 
Analyzer.  Advancing  and  receding  contact  angle  data  were 
obtained  on  a  Kruss  (DSA10)  fitted  with  a  temperature- 
controlled  sample  cell.  The  water  contact  angle  was  determined 
using  recorded  video  images  of  the  drop’s  advancement  and  the 
drop’s  receding  as  water  was  added  and  removed  from  the  drop 
with  an  automatic  syringe.  Still  images  were  taken  from  the  video 
using  VideoDub  freeware.  ImageJ  freeware  was  used  to  calculate 
the  angles  from  the  still  images.  Receding  angles  were  determined 
using  the  angle  tool  function,  while  advancing  contact  angles 
were  found  using  the  Drop  Shape  Analysis  plug-in  for  ImageJ. 
Scanning  electron  microscopy  was  conducted  using  a  Field 
Emission  Hitachi  S4800  SEM.  Ellipsometry  measurements  were 
obtained  by  using  the  InOm  Tech  Products,  Inc.,  Model 
COMPEL  ELC-11.  Harrick  Scientific  Corporation  (Model 
PDC-32G)  plasma  cleaner/sterilizer  was  used  in  the  current  study 
to  treat  PVDF  fibers  and  tungsten  wires  prior  to  the  grafting. 

To  investigate  change  in  the  surface  energy  of  the  substrate  as 
a  function  of  temperature,  we  ran  two  different  experiments 
using  tungsten  wire  modified  with  the  grafted  microgel  layer.  In 
the  first  experiment,  the  modified  tungsten  wire  (130  pm)  was 
placed  into  a  thermo-insulated  box  with  controllable  humidity 
and  temperature.  Two  alligator  clips  were  attached  to  the  wire 
ends  thus  closing  the  circuit  when  the  device  was  connected  to  the 
power  supply.  The  current  and,  therefore,  the  Joule  heating  of 
the  wire  can  be  controlled  by  adjusting  the  voltage.  A  different 
tungsten  wire  with  a  smaller  (100  pm)  diameter  was  used  for  the 
droplet  delivery  and  deposition  on  the  test  wire.  The  delivery  wire 
and  droplet  had  the  same  temperature,  as  did  the  modified 
tungsten  wire.  In  another  experiment  the  grafted  wire  was 
attached  to  the  ID  manipulator-positioner  and  gently  dipped 
and  held  in  the  container  with  deionized  water.  A  thermocouple 
was  used  to  monitor  and  control  water  temperature.  The 
experimental  setup  also  consisted  of  a  water  pump  that  aided  in 
the  circulation  of  water  through  the  jacket  while  also  controlling 
the  temperature.  The  thermocouple  was  used  to  accurately 
determine  the  temperature  of  the  water.  AID  manipulator  was 
used  to  move  the  modified  substrate  up  or  down.  Last,  a  camera 
(Dalsa  Falcon  1.4)  was  used  to  record  the  shape  of  the  meniscus. 
To  avoid  diffraction  from  the  edge  of  the  water-jacketed 
condenser,  the  water  was  slightly  overfilled.  (Additional  infor¬ 
mation  on  the  experimental  setup  is  provided  in  the  ESIf.) 

Synthesis  of  carboxyl-functionalized  PNIPAM  microgels 

In  general,  we  followed  the  modified  procedure  reported  by  Li 
et  al63  so  that  0.65  g  (0.006  mol)  of  NIPAM,  5  mol%  (2.87  x 
10-4  mol)  of  AAc,  5  mol%  (2.87  x  10-4  mol)  of  BIS,  and  0.075  g 
(2.84  x  10-4  mol)  of  DTAC  were  dissolved  in  60  mL  of  deionized 
H20  and  placed  in  a  100  mL  three-necked  round-bottom  flask. 
The  flask  was  equipped  with  an  overhead  mechanical  stirrer  set  at 
250  rpm,  a  nitrogen  inlet  and  outlet,  and  a  water-jacketed 
condenser.  The  monomer  solution  was  placed  in  a  water  bath, 
thermostatted  at  70  °C  and  bubbled  with  nitrogen  for  1  hour  to 
remove  any  dissolved  oxygen.  To  initiate  the  polymerization, 
0.03  g  of  AAPH  was  dissolved  in  5  mL  of  water  and  charged  into 


the  flask.  The  solution  was  left  to  react  for  6  hours  under 
a  nitrogen  blanket.  The  reaction  vessel  was  then  submerged  in  an 
ice  bath  to  arrest  the  polymerization.  To  purify  the  product, 
aliquots  were  centrifuged,  decanted,  and  re-dispersed,  first  in  fresh 
H20  and  then  three  times  in  tetrahydrofuran  (THF,  OmniSolv). 

Grafting  PNIPAM  microgel  nanoparticles  to  silicon  wafers  and 
glass  slides 

Highly  polished  single-crystal  silicon  wafers  (Semiconductor 
Processing  Co.)  were  first  cleaned  in  an  ultrasonic  bath  for  30 
minutes,  placed  in  a  hot  (80  °C)  “piranha”  solution  (3  :  1  cone. 
H2S04:  30%  H202)  for  1  hour,  and  then  rinsed  several  times  with 
high-purity  DI  water.  (As  a  precaution,  it  is  important  to  note  that 
the  cleaning  solution  is  highly  corrosive  and  extremely  reactive  to 
organic  substances.)  To  deposit  a  thin  layer  of  PGMA  on  the 
surface  of  the  wafer,  a  0. 14%  w lx  solution  of  PGMA  in  chloro¬ 
form  (Spectrum)  was  made,  and  clean  wafers  were  then  coated  by 
being  dipped  into  the  solution.  Dip-coated  wafers  were  annealed 
under  vacuum  at  120  °C  for  20  min.  After  annealing,  the  wafers 
were  rinsed  three  times  for  10  minutes  in  fresh  chloroform  to 
remove  any  unattached  polymer.  Generally,  this  procedure 
produces  a  PGMA  layer  approximately  6  nm  in  thickness,  as 
determined  by  ellipsometric  measurements.  A  solution  of 
approximately  6  mg  mL-1  PNIPAM  microgels  in  THF  was  used 
to  deposit  microgels  onto  the  PGMA  layer  via  the  dip-coating 
procedure  (Mayer  Feintechnik  D-3400,  speed  240  mm  min-1). 
Typically,  three  consecutive  dips  were  necessary  to  create 
a  monolayer.  Upon  dip-coating,  samples  were  annealed  under 
vacuum  at  120  °C  for  2  hours.  Samples  were  then  rinsed  three 
times  for  10  minutes  in  fresh  THF  to  remove  any  unattached 
particles  from  the  surface.  In  an  additional  experiment,  modified 
silicon  wafers  were  left  overnight  in  the  solvent  and  it  was 
determined  that  no  grafted  particles  were  lost.  The  procedure 
described  above  was  also  used  to  modify  glass  slides  (VWR  micro 
slides,  25  x  75  mm,  1.0  mm  thick).  The  only  difference  was  that 
in  the  modification  of  glass  slides,  the  microgel  nanoparticles 
were  deposited  onto  the  surface  prior  to  the  grafting  by  spin¬ 
coating  (Headway  Research)  from  THF  suspension. 

Grafting  PNIPAM  microgel  nanoparticles  to  tungsten  wires 

Tungsten  wires  (130  pm  in  diameter)  were  first  treated  with  air 
plasma  for  10  minutes.  The  wires  were  then  immersed  in  deion¬ 
ized  water  for  5  minutes  (to  develop  surface  hydroxyl  groups) 
and  air  dried  before  deposition  of  the  PGMA  layer.  Next, 
PGMA  was  drop-cast  onto  the  wires  from  a  0.14%  solution  by 
weight  of  PGMA  in  chloroform.  The  wires  were  subsequently 
annealed  at  120  °C  under  vacuum  for  20  minutes.  Following  the 
annealing  step,  the  wires  were  rinsed  three  times  in  fresh  chlo¬ 
roform  for  10  minutes  to  remove  any  unattached  polymer  from 
the  surface.  PNIPAM  microgels  were  deposited  onto  the 
PGMA-modified  tungsten  wire  from  an  approximately  0.4 
weight  percent  solution  in  THF  by  drop-casting.  Following  this 
deposition,  wires  were  then  annealed  for  12  hours  at  120  °C 
under  vacuum.  Finally,  the  wires  were  rinsed  three  times  in  fresh 
THF  for  10  minutes  to  remove  any  unattached  particles  from  the 
wire  surfaces. 
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Grafting  PNIPAM  nanogels  to  PVDF  fibers 

In  general,  we  followed  the  procedure  reported  for  modification 
of  PVDF  membranes  with  a  PGMA  anchoring  layer.64  To  acti¬ 
vate  the  surface  of  PVDF  the  fibers  were  plasma  treated  for  3 
minutes.  Treated  fibers  were  rinsed  in  MEK  three  times  for  10 
minutes  and  dried  before  deposition  of  the  PGMA  layer.  For  this 
purpose  the  fibers  were  first  placed  in  a  0.14%  w/v  solution  of 
PGMA  in  MEK.  A  round-bottom  flask  used  in  the  experiment 
was  equipped  with  a  single-arm,  screw-top  vacuum  attachment. 
Fibers  in  the  PGMA  solution  were  kept  under  vacuum  until  the 
solution  boiled.  This  procedure  was  repeated  three  times.  The 
vacuum  procedure  was  used  to  fill  the  fiber/yarn  pores  with  the 
PGMA  solution.  After  drying,  the  fibers  were  annealed  under 
vacuum  at  60  °C  for  2  hours.  The  PGMA-modified  fibers  were 
rinsed  three  times  in  fresh  MEK  to  remove  any  unattached 
polymer  from  the  surface.  Fibers  were  then  placed  into 
a  suspension  of  microgel  nanoparticles  in  THF  (6  mg  mL-1)  and 
treated  in  the  same  fashion  as  they  were  for  the  PGMA  modifi¬ 
cation.  Modified  fibers  were  then  annealed  under  vacuum  at 
120  °C  for  2  hours.  The  annealed  fibers  were  again  washed  three 
times  for  10  minutes  in  fresh  THF  to  remove  any  free  particles. 
All  fibers  used  for  SEM  imaging  were  sputter-covered  for  one 
minute  with  platinum. 


Determination  of  changes  in  the  monomer  concentration  by 
proton  NMR  spectroscopy 

For  the  NMR  experiments,  microgel  particle  synthesis  was 
repeated  using  deuterium  oxide  (D20)  as  a  solvent.  Changes  in 
the  monomer  concentration  during  synthesis  were  monitored.  As 
an  internal  reference,55  40  pL  of  DMAC  were  added  to  the 
reaction  mixture.  Next,  1  mL  aliquots  were  collected  at  time 
intervals  of  0,  5,  10,  20,  40,  80,  120,  and  240  min.  This  was 
accomplished  by  withdrawing  approximately  1  mL  of  the  reac¬ 
tion  solution  at  each  given  time  interval  and  quenching  it  in  an 
ice  bath  to  halt  the  polymerization.  The  monomer  concentration 
was  calculated  from  the  integrated  area  of  the  peaks  that  are 
individually  unique  to  each  monomer,  as  opposed  to  the  peaks 
observed  for  the  DMAC.  Concentration  values  were  calculated 
as  a  ratio  of  initial  concentration  and  the  area  under  the 
respective  bands. 


Swelling  and  collapsing  of  the  PNIPAM  microgel  layer 
monitored  by  AFM 

Silicon  wafers  (lxl  cm)  were  grafted  with  PNIPAM-containing 
microgel  nanoparticles  and  placed  inside  an  AFM  liquid  cell 
mounted  on  a  temperature-controllable  stage.  Samples  were 
scored  with  a  razor  blade  to  locally  remove  particles  from  the 
surface.  To  observe  conformational  changes,  scanning  was 
conducted  across  the  scratch  to  view  the  profile  of  the  changing 
layer.  Temperatures  were  fixed  at  22  °C  and  40  °C  for  the 
swelling  and  collapsing  experiments,  respectively.  The  AFM 
scanning  was  conducted  using  a  force  as  small  as  possible,  to 
minimize  any  lateral  compression  of  the  microgels.  ImageJ 
freeware  was  used  to  extract  the  profile  heights  from  the 
various  scans. 


Results  and  discussion 

Microgel  nanoparticles 

Upon  gentle  heating  of  the  nanoparticle  suspensions  a  transition 
of  the  microgel  particles  from  transparent  at  room  temperature 
to  opaque  was  observed  as  the  suspension  reached  35^-0  °C. 
This  transition  was  the  first  indicator  that  the  nanoparticles 
exhibit  thermoresponsive  properties,  since  this  transition 
occurred  at  just  above  the  LCST  temperature  of  pristine  PNI¬ 
PAM,  which  is  typically  32  °C.  Fig.  1  shows  the  SEM  images  of 
a  drop-cast  (from  a  6-8  mg  mL  1  particle  suspension  in  THF) 
layer  of  microgels  on  a  silicon  wafer.  The  images  confirm  that, 
indeed,  nanoparticles  with  a  spherical  shape  were  synthesized. 
The  size  of  the  particles,  estimated  from  the  image,  is  approxi¬ 
mately  250  ±  20  nm. 

The  tentacle-like  substance  surrounding  and  connecting  the 
particles  indicates  that  the  nanoparticles  possess  a  core-shell 
structure.  Scientific  literature58,65-72  well-documents  the  core¬ 
shell  morphology  of  microgels  prepared  by  precipitation-copo¬ 
lymerization  of  NIPAAM  and  a  BIS  cross-linker.  The 
phenomenon  is  associated  with  the  dissimilar  copolymerization 
rates  of  BIS  and  NIPAAM.  Specifically,  the  rate  is  higher  for 
BIS,  which  is  depleted  early  in  the  polymerization  process.  This 
situation  causes  formation  of  the  highly  cross-linked  BIS- 
enriched  cores  of  the  microgel  particles.  Data  on  distribution  of 
the  AAc  units  in  NIPAAM-BIS-AAc  microgel  nanoparticles  are 
controversial.65  Some  researchers  reported  enrichment  of  the 
core  with  AAc  fragments,  whereas  other  scientists  suggested  that 
the  shell  contains  higher  concentration  of  AAc  monomeric  units. 

To  estimate  distribution  of  the  components  in  the  particles 
synthesized  in  this  work,  we  have  determined  consumption  rates 
for  the  monomers  during  the  polymerization.  For  this  purpose, 
the  composition  of  the  polymerizing  media  was  analyzed  with 
proton  NMR  as  a  function  of  polymerization  time.  The  results  of 
the  experiment  are  shown  in  Fig.  2.  It  is  evident  that,  in  our  case, 
AAc  and  BIS  monomers  are  consumed  much  more  rapidly  than 
NIPAM.  In  fact,  AAc  and  BIS  are  fully  consumed  at  approxi¬ 
mately  the  20  minute  interval.  Consequently,  we  can  suggest  that 
the  cores  of  the  particles  are  much  more  densely  cross-linked  with 
BIS  and  contain  a  higher  ratio  of  AAc.  Moreover,  it  can  be 
assumed  that,  even  though  the  nanoparticle  synthesis  was  con¬ 
ducted  for  6  hours,  the  formation  of  the  microgels  was  practically 
complete  in  approximately  40  minutes. 

Elemental  analysis  measurements  were  taken  on  the  final 
microgels  to  estimate  the  amount  of  each  monomer  contained  in 
the  particles.  From  percentages  of  C,  N,  H  and  O,  simultaneous 


Fig.  1  SEM  images  of  PNIPAM  microgel  nanoparticles  drop-cast  on 
a  silicon  wafer  from  diluted  solution.  Scale  bar:  1  pm  (a)  and  500  nm  (b). 
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Time  (min) 

Fig.  2  Change  in  concentrations  of  monomers  during  the  synthesis  of 
microgel  nanoparticles,  (a)  Change  for  NIPAM,  AAc,  and  BIS.  (b) 
Change  for  AAc  and  BIS  only.  The  concentrations  were  determined 
by  NMR. 

mol  fraction  equations  were  used  to  determine  the  approximate 
weight  percents  of  the  individual  monomers  present  in  the 
microgel  particles.  Elemental  analysis  confirmed  that  NIPAM 
was  the  most  abundant  monomer  in  the  final  co-polymer  (55%), 
and  AAc  and  BIS  comprised  21%  and  24%,  respectively. 
Coupled  with  the  NMR  results,  this  also  suggested  the  presence 
of  a  densely  cross-linked  core  with  a  high  ratio  of  AAc  and  BIS 
and  a  shell  with  mostly  NIPAM  “hairs.”  Additionally,  the 
obtained  NMR  and  elemental  analysis  results  indicated  that,  at 
the  end  of  the  polymerization,  a  PNIPAAM  homopolymer  was 
formed. 

Grafting  microgel  nanoparticles 

A  thin  layer  of  PGMA  was  deposited  onto  the  surfaces  of  silicon 
wafers,  glass  slides,  PVDF  fibers,  and  tungsten  wires  for  the 
initial  surface  modification.  PGMA,  which  contains  an  epoxy 
group  in  every  repeating  unit,  has  been  used  extensively  as 
a  macromolecular  anchoring  layer  for  the  grafting  of  polymers  to 
surfaces. 59~*1,73~76  A  study  of  the  deposition  of  PGMA  onto 
various  surfaces  revealed  that  a  uniform  and  homogeneous 
epoxy-containing  layer  can  be  obtained  on  surfaces  using  either 
adsorption,  spin-coating,  or  dip-coating.  The  anchoring  layer 
can  be  employed  to  modify  various  polymeric  and  inorganic 


surfaces.  Therefore,  procedures  developed  in  this  work  for 
silicon,  glass,  PVDF,  and  tungsten  surfaces  can  be  readily 
adapted  to  other  materials. 

In  our  work,  suspension  in  THF  was  used  to  deposit  microgel 
nanoparticles  onto  substrates  prior  to  the  grafting.  The  organic 
solvent  was  employed  instead  of  an  aqueous  environment  to 
ensure  the  formation  of  a  densely  packed  monolayer  of  the 
particles  on  a  surface.  Indeed,  previous  studies  for  microgels 
containing  acrylic  acid  units  suggested  that  close-packed  micro¬ 
gel  monolayers  cannot  be  formed  from  water  because  of  the 
strong  ionic  inter-particle  repulsion  originating  from  the  disso¬ 
ciated  AAc  units.48,58,77,78  Fig.  3a  shows  an  AFM  topography 
image  for  the  “as  deposited”  monolayer  of  nanoparticles  on  the 
silicon  wafer.  The  particles  in  the  microgel  monolayer  are  nearly 
monodisperse  and  close-packed  into  a  periodic  hexagonal-like 
structure.  Next,  the  monolayer  samples  were  annealed  at  120  °C 
for  2  hours  to  conduct  a  reaction  between  the  carboxylic  groups 
of  the  AAc  and  the  epoxy  groups  of  the  PGMA.  Previously  we 
demonstrated  that,  at  this  temperature,  carboxy-terminated 
PNIPAM  macromolecules  can  be  readily  grafted  onto  a  surface 
via  the  PGMA  anchoring  layer.79  The  thickness  of  the  grafted 
layer  measured  by  ellipsometry  was  58  ±  2  nm.  After  the  graft¬ 
ing,  the  structure  of  the  layer  remained  practically  unchanged 
(Fig.  3b). 

Fig.  4  shows  that  the  grafted  layer  covers  the  silicon  substrate 
uniformly  at  the  microscopic  level.  The  root  mean  square  (RMS) 
roughness  of  the  layer,  evaluated  from  the  topographical  10  x 
10  pm  AFM  image  (Fig.  4a),  is  5.4  nm.  The  roughness,  which  is 
much  lower  than  the  layer  thickness,  confirmed  the  formation  of 
a  complete  monolayer.  Fig.  4c  shows  an  SEM  image  taken  at  the 
edge  of  a  silicon  wafer  to  visualize  a  cross-sectional  view  of  the 
surface.  It  is  evident  that  the  particles  are  attached  to  the  surface 
and  assume  a  “pancake”  type  of  conformation. 

The  particle  density  of  the  grafted  layer,  estimated  from 
counting  the  particle  surface  population,  is  ~9  particles  per  pm2 
(Fig.  4a).  The  center-to-center  distance  for  the  particles  in  the 
monolayer,  measured  from  the  main  peak  of  the  2D  Fourier 
transform  of  the  AFM  10  x  10  pm  topographical  image 
(Fig.  4a),  is  300  ±  25  nm.  Since  the  thickness  of  the  layer 
measured  by  ellipsometry  is  only  58  nm,  the  obtained  data 
confirm  that,  in  the  grafted  layer,  the  particles  are  flattened 
because  of  their  interaction  with  the  surface.  Specifically,  the 
nanoparticles  in  the  dry  monolayer  adopt  this  morphology  when 
the  horizontal  diameter  is  larger  than  the  vertical.  We  measured 


Fig.  3  AFM  topography  images  (2x2  pm)  of  the  microgel  nanoparticle 
monolayer  on  a  silicon  wafer:  (a)  before  grafting  and  (b)  after  grafting. 
Vertical  scale  100  nm. 


This  journal  is  ©  The  Royal  Society  of  Chemistry  201 1 


Soft  Matter 


Downloaded  by  Clemson  University  on  30  August  201 1 
Published  on  30  August  201 1  on  http://pubs.rsc.org  I  doi:  10.1 039/C  1SM05924F 


View  Online 


Fig.  4  a)  AFM  topographical  image  (10  x  10  pm)  of  the  grafted 
microgel  layer  on  silicon  wafer,  vertical  scale:  150  nm.  SEM  images  of 
grafted  microgel  layer  on  silicon  wafer:  (b)  rough  edge  of  the  wafer,  scale 
bar  10  pm;  (c)  close  to  the  wafer  edge,  scale  bar  1  pm. 

the  height  of  the  30  nanoparticles  at  the  edge  of  the  monolayer 
and  found  them  to  be  70  ±  7  nm.  This  result  corroborates  the 
conclusion  drawn  from  the  ellipsometric  measurements,  i.  e. ,  the 
particles  are  squashed  towards  the  surface  in  a  “pancake-like” 
morphology.  AFM  data  on  the  particle’s  height  (h)  and  diameter 
(center-to-center  distance,  d)  allowed  for  the  estimation  of  the 
dry  unperturbed  particle  size,  using  the  volume  of  the  spherical 
cap-shaped  particles  (j/):58-80 


After  the  volume  was  found,  the  diameter  of  a  spherical 
particle  having  the  same  volume  was  calculated.  In  this  fashion, 
the  dry-state  diameter  of  the  microgel  particles  was  determined 
to  be  ~163  nm. 

Fig.  4b,  illustrating  the  rough  edge  of  the  silicon  wafer  covered 
with  the  grafted  layer,  indicates  that  the  monolayer  of  particles 


can  be  attached  to  shapes  more  complex  than  simple  flat  silicon 
wafers  and  glass  slides.  In  fact,  we  effectively  modified  tungsten 
wires  with  the  microgel  monolayer.  The  grafted  layer  covered  the 
surface  evenly  and  possessed  virtually  the  same  morphology  as 
the  layer  grafted  to  the  Si  wafer  (Fig.  5).  Yarns  of  PVDF  fibers 
(Fig.  6a  and  b)  were  covered  with  the  microgel  layer  as  well.  In 
this  case,  we  used  Rhodamine  B-labeled  PGMA  to  visualize  the 
attachment  of  the  anchoring  polymer  layer  to  the  fiber  surface. 
Fluorescent  microscopic  imaging  of  the  fibers  confirmed  PGMA 
attachment  to  the  surface  (Fig.  6c).  A  comparison  of  SEM 
images  for  the  unmodified  (Fig.  6a  and  b)  and  modified  (Fig.  6d) 
fibers  shows  as  well  that  the  deposition  of  the  anchoring  layer 
was  achieved.  After  the  activation  of  the  fibers,  the  nanoparticles 
were  grafted  onto  their  surface.  SEM  images  of  the  fibers,  after 
the  modification  with  the  particles,  are  shown  in  Fig.  6e  and  f. 
The  images  confirm  the  successful  grafting  of  microgels  to  the 
surface.  These  images  clearly  show  that  the  particles  completely 
cover  the  curved  surfaces  of  the  fibers  as  well  as  the  crevices  and 
pores  created  between  fibers  in  a  monolayer  fashion. 

Swelling-collapsing  of  the  grafted  layer  in  water  as  a  function  of 
temperature 

Due  to  surface  confinement  microgel  particles  can  display 
different  switching  behavior  than  do  free  particles.  Toward  this 
end,  AFM  underwater  studies  were  conducted  to  determine  if  the 
particles  in  the  grafted  monolayer  demonstrate  the  ability  to 
swell  and  collapse  with  temperature  change.  In  this  experiment, 
the  layer  was  scratched  with  an  ultra-sharp  needle  to  delaminate 
the  layer  down  to  the  Si-wafer.  The  sample  was  then  scanned 
over  the  area  with  the  scratch  to  observe  the  quality  and  thick¬ 
ness  of  the  grafted  monolayer.  Fig.  7  shows  AFM  topographical 
images  of  the  microgel  layer  near  the  scratch  recorded  at 
temperatures  below  (25  °C)  and  above  (40  °C)  the  LCST  of  the 
PNIPAM  in  water.  It  is  evident  that  the  monolayer  swells  and 
collapses  at  the  lower  and  higher  temperature,  respectively.  The 
difference  in  the  layer  thicknesses  when  the  microgels  were 
collapsed  and  swollen  was  measured.  For  the  grafted  layer  in  the 


Fig.  5  AFM  topographical  image  (10  x  10  pm)  of  the  grafted  microgel 
layer  on  tungsten  wire,  vertical  scale:  200  nm. 
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Fig.  6  a  and  b)  SEM  images  of  virgin  PVDF  fibers;  (c)  fluorescent  microscopy  image  of  fibers  modified  with  Rhodamine-B-labeled  PGMA;  (d)  SEM 
image  of  the  PGMA-modified  fibers;  (e  and  f)  SEM  images  of  the  fibers  grafted  with  microgels.  Scale  bar:  (a  and  e)  5  pm;  (b,  d  and  f)  2  pm. 


collapsed  state  (Fig.  7b),  this  thickness  was  calculated  to  be 
~214  nm  and,  while  in  its  swollen  state,  the  thickness  was 
calculated  to  be  ~468  nm  (Fig.  7a).  Therefore,  the  thickness  of 
the  grafted  microgel  layer  increases  ~2.2  times  in  the  cold  water. 
Since  the  grafted  films  extend  in  only  the  vertical  direction  upon 
crossing  the  LCST,  the  volume  of  the  layer  changed  by  a  factor  of 
~2.2.  The  result  indicates  that  ~272  mg  nr2  of  water  can  be 


absorbed  and  released  by  the  layer  upon  swelling  and  collapsing, 
respectively. 

A  significant  difference  exists  between  the  AFM  thicknesses  of 
the  dry-grafted  layer  and  the  collapsed/swollen  layer  in  water.  In 
fact,  the  thickness  of  the  dry-grafted  layer,  estimated  from 
ellipsometry,  is  ~58  nm.  The  thickness  of  the  collapsed  layer  is 
~3.5  times  higher.  Therefore,  the  water  content  in  the  collapsed 


Fig.  7  AFM  topographical  images  of  the  scratched  grafted-microgel  layer  under  water  at  temperatures  below  (a)  and  above  (b)  the  LCST  of  PNIPAM. 
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layer  is  ~156  mg  rrr2  or  on  the  order  of  67%.  For  the  swollen 
layer  the  water  content  is  ~410  mg  m~2  or  88%.  The  results 
obtained  for  the  fractional  water  content  are  close  to  the  data 
reported  for  PNIPAM  microgel  layers  that  are  electrostatically 
adsorbed  on  a  silicon  surface  modified  with  poly 
( ethyleneimine)  .4S 

It  is  appealing  to  compare  the  swelling  capacity  of  the  grafted 
microgel  layer  synthesized  in  this  work  with  the  swelling  capacity 
of  PNIPAM  brushes.  Kaholek  et  al.  demonstrated  that  PNI¬ 
PAM  brushes,  anchored  by  the  “grafting  from”  approach  to 
a  flat  surface,  swelled  ~3  times  in  room-temperature  water 
compared  to  the  dry  state  thickness  of  ~200  nm.44  For  the 
thinner  (15  nm  dry  thickness)  PNIPAM  brush,  obtained  using 
the  “grafting  to”  method,  ~5  times  swelling  was  reported.45 
Conversely,  in  room-temperature  water,  the  microgel-grafted 
layer  extended  ~8  times  in  the  vertical  direction  from  the  dry 
state.  Therefore,  in  terms  of  reversibility  and  capacity,  temper¬ 
ature-induced  swelling  of  microgel-grafted  layers  can  be 
considered,  as  a  system,  comparable  to  linear  PNIPAM  brushes 
with  respect  to  their  thermoresponsive  properties. 

Fig.  8  exhibits  the  repeatability  of  the  swelling  and  collapsing 
of  the  grafted  microgel  layer.  Three  cycles  of  heating  and  cooling 
were  performed.  Cycles  1  and  2  at  25  °C  were  essentially  equiv¬ 
alent.  However,  an  increase  in  thickness  was  observed  during  the 
third  cycle,  which  suggests  that  the  equilibrium  time  for  complete 
swelling  might  not  have  been  reached  within  the  first  two  cycles. 
At  elevated  temperatures,  a  general  decrease  in  thickness  was 
observed  from  Cycle  1  to  Cycle  3.  This  also  suggests  that  not 
enough  time  was  given  for  the  complete  collapse  and  expelling  of 
the  water.  To  evaluate  the  robustness  of  the  microgel  layer  upon 
the  swelling— deswelling  cycles,  we  subjected  glass  slides  grafted 
with  a  PNIPAM  nanoparticle  layer  to  six  heating-cooling  cycles 
in  water.  The  duration  of  each  cycle  was  two  hours:  1  hour  at 
20  °C  and  1  hour  at  50  °C.  The  experiment  confirmed  the  note¬ 
worthy  robustness  of  the  layers,  since  no  particle  removal  was 
observed  via  AFM  imaging. 

Wettability  of  the  grafted  microgel  layers 

An  important  property  of  the  grafted  PNIPAM  layers  is  their 
ability  to  demonstrate  temperature-dependent  wettability .46,47,81 
Therefore,  we  further  analyzed  the  microgel-grafted  layer  using 
contact  angle  measurements  taken  as  a  function  of  temperature. 


Cycle 

Fig.  8  AFM  thickness  of  the  grafted  microgel  layer  under  water  at 
different  temperatures. 


First,  advancing  contact  angles  were  determined,  to  confirm  the 
transition  of  the  surface  covered  with  microgels  from  more 
hydrophilic  to  more  hydrophobic  in  nature.  For  the  measure¬ 
ments,  silicon  wafers  grafted  with  the  nanoparticles  were  placed 
inside  a  temperature-controlled  sample  cell.  Water  was  contin¬ 
uously  fed  onto  the  surface  from  a  needle  close  to  the  surface.  As 
the  volume  of  the  drop  increased,  the  drop  spread  and,  therefore, 
it  was  exposed  to  the  new  surface.  Video  was  taken  and  indi¬ 
vidual  snapshots  were  captured  at  points  where  the  drop  spread 
(Fig.  9a  and  b). 

At  23  °C,  the  advancing  contact  angle  was  measured  to  be 
71  ±  2°  (Fig.  9a).  Upon  heating  to  50  °C,  the  advancing  contact 
angle  was  determined  to  be  90.0  ±  2°  (Fig.  9b).  Hence,  an 
approximately  20°  increase  in  the  contact  angle  is  observed  upon 
heating  above  the  LCST  of  PNIPAM.  Advancing  angle 
temperature  transitions  in  the  similar  range  were  found  for  the 
PNIPAM  brushes.46,47  This  emphasizes  that,  analogous  to  the 
brushes  made  of  end-grafted  linear  PNIPAM  chains,  cross- 
linked  microgel  nanoparticles,  constituting  the  grafted  layer,  also 
have  the  ability  to  rearrange  their  conformation  across  the  LCST 
and  exhibit  a  wettability  change  due  to  a  change  in  temperature. 
We  also  determined  receding  contact  angles  for  the  surface 
modified  with  the  grafted  microgels  (Fig.  9c  and  d).  A  significant 
hysteresis  was  found  to  exist  between  the  advancing  and  receding 
angles.  Namely,  the  receding  contact  angles  were  measured  to  be 
13  ±  2°.  The  angles  were  virtually  independent  from  the 
temperature.  The  phenomenon  was  already  reported  for  surfaces 
modified  with  PNIPAM-grafted  layers.47,81  The  observed  result 
indicates  that  the  PNIPAM-containing  microgel  particles  expose 
similar  chemical  groups  to  the  water  both  below  and  above  the 
LCST.  This  effect  is  also  connected  with  significant  water  content 
in  the  swollen  and  the  collapsed  grafted  layers. 

Wettability  measurements  were  conducted  on  the  tungsten 
wires  modified  with  the  microgel-grafted  layers.  Fig.  10  shows 
two  images  of  water  droplets  placed  on  the  modified  wire  at 
temperatures  above  and  below  the  LCST  of  the  microgels.  At 
20  °C,  the  water  droplet  adopts  a  barrel-like  configuration 
(Fig.  10a).  Barrel-like  configurations  indicate  a  more  hydrophilic 


Fig.  9  Advancing  (a  and  b)  and  receding  (c  and  d)  contact  angle  snap¬ 
shots.  (a)  Image  taken  at  23  °C.  Advancing  contact  angle  was  calculated 
to  be  71  ±  2°.  (b)  Image  was  taken  at  50  °C.  Advancing  contact  angle  was 
calculated  to  be  90  ±  2°.  (c)  Image  was  taken  at  23  °C.  Receding  contact 
angle  was  calculated  to  be  13  ±  2°.  (d)  Image  was  taken  at  50  °C. 
Receding  contact  angle  was  taken  to  be  13  ±  2°. 
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Fig.  10  Optical  images  of  the  water  droplet  on  the  tungsten  wire 
modified  with  the  grafted  microgel  layer  at  different  temperatures:  (a): 
barrel-like  configuration;  (b):  clamshell-like  configuration. 


Fig.  11  Change  of  the  wettability  of  the  tungsten  wire  grafted  with 
a  microgel  layer,  inserted  in  water  of  different  temperatures. 


free-radical,  precipitation  polymerization  in  an  aqueous  envi¬ 
ronment  in  the  presence  of  acrylic  acid  as  a  co-monomer  and  BIS 
as  a  cross-linker.  Analyses  indicated  that  the  particles  were 
composed  of  a  densely  cross-linked  core  containing  a  high  ratio 
of  AAc  and  BIS,  and  a  shell  comprising  mostly  NIP  AM  “hairs.” 
A  monolayer  of  the  thermoresponsive  microgel  PNIPAM 
nanoparticles  was  grafted  onto  the  surface  of  silicon  wafers,  glass 
slides,  PVDF  fibers,  and  tungsten  wires.  Particle  anchoring  was 
conducted  by  the  “grafting  to”  approach  using  a  PGMA 
anchoring  layer.  AFM  and  SEM  studies  demonstrated  that  the 
grafted  layer  covered  the  surfaces  uniformly  at  the  microscopic 
level.  The  grafted  monolayer  swelled  and  collapsed  reversibly  at 
temperatures  below  and  above  the  LCST  of  the  PNIPAM.  For 
the  flat  silicon  substrate,  a  wettability  study  of  the  grafted  layer 
showed  ~20°  increase  in  the  water  advancing  contact  angle  upon 
heating  above  the  LCST  of  the  PNIPAM.  A  significant  hysteresis 
exists  between  the  advancing  and  receding  angles,  and  wettability 
experiments  indicated  that  the  receding  angle  is  virtually  inde¬ 
pendent  of  temperature  for  this  system.  The  wettability  data 
obtained  for  the  tungsten  wires  show  that  the  grafted  microgel 
layer  retains  its  ability  to  undergo  morphological  changes  when 
exposed  to  external  temperature  variations  on  complex  curved 
surfaces.  Overall,  the  results  obtained  demonstrate  that,  in  many 
aspects,  the  grafted  microgel  layer,  as  a  system,  is  comparable  in 
performance  to  a  PNIPAM  brush  system  with  respect  to  their 
thermoresponsive  properties. 


surface  in  nature.82  This  is  because  the  liquid  has  a  greater  affinity 
to  the  surface,  which  creates  a  larger  area  of  interaction  between 
the  water  and  modified  wire.  Using  the  image  analysis  based  on 
the  Carroll  formulas83  the  contact  angle  was  estimated  as  ~40°. 
Contrarily,  the  drop  adopts  a  clam-shell  configuration  when 
placed  on  the  warm  wire  maintained  at  42  °C  (Fig.  10b).  This  is 
a  manifestation  of  its  weak  wettability.  Typically,  the  drop  forms 
the  clam-shell-like  configuration  at  contact  angles  of  greater  than 
70°,  which  indicates  that  the  surface  is  less  hydrophilic.82  It  was 
also  established  that  the  quantitative  wetting  data  significantly 
depends  on  the  method  of  measurements.  Fig.  11a  shows  the 
meniscus  formed  when  a  modified  tungsten  wire  is  immersed 
perpendicularly  into  the  20  °C  water.  Again,  we  observe 
a  meniscus  that  crawls  up  the  side  of  the  wire,  confirming  that  the 
wire  surface  is  wettable.  Using  the  image  analysis  based  on  the 
Lo  formulas,84  the  contact  angle  was  estimated  to  be  ~14°,  i.e.  it 
is  much  smaller  than  that  found  for  a  droplet.  When  the 
temperature  was  raised  up  to  40  °C  which  is  above  the  LCST  of 
the  PNIPAM  microgels,  the  meniscus  configuration  changed 
significantly,  Fig.  lib.  It  became  virtually  flat,  practically 
perpendicular  to  the  immersed  wire.  This  change  directly  indi¬ 
cates  a  change  in  the  surface  energy,  as  this  configuration 
suggests  a  more  hydrophobic  surface.  The  results  obtained  for 
the  tungsten  wires  suggest  that  the  grafted  microgel  layer  retains 
its  ability  to  change  morphologically  when  exposed  to  external 
temperature  variations  on  both  flat  and  more  complex,  curved 
surfaces. 

Conclusions 

The  PNIPAM-containing  thermoresponsive  microgels  with  car- 
boxy  functionalities  were  synthesized  via  a  surfactant-stabilized, 
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